Two synthetic peptides comprising an RGD moiety for intecase of the COS-7 and A375M cell lines. With the ECV304 grin binding and a polylysine moiety for DNA binding were cell line, optimum transfection occurred in the absence of tested for transfection efficiency under a variety of different chloroquine. Transfection efficiency of the peptides was conditions. Binding of target cells to the peptide was shown greatest at peptide:DNA ratios of 4:1 (w/w), which were to be strongly dependent on cyclisation of the peptides via calculated to generate complexes containing approxicysteine residues. Low (10 M) concentrations of chloromately 5000 peptide molecules per plasmid. This repquine, added to assist endocytic exit, unexpectedly resented approximately a 6:1 ratio of positive to negative reduced transfection efficiency in two of the cell lines charges. Peptide 5 was shown to have a higher transfectested, COS-7 and ECV304. However, transfection tion efficiency under most conditions, possibly because of efficiency increased at higher chloroquine concentrations more efficient stabilisation of cyclisation by two cysteineand exceeded that in the absence of chloroquine in the cysteine bonds.
Introduction
contain the conserved arginine-glycine-aspartic acid Integrin-mediated cell entry is exploited by a number of (RGD) motif 9 and small peptides containing an RGD intracellular pathogens including adenovirus, 1,2 echodomain, particularly cyclic peptides, have high affinities virus, 3 foot-and-mouth disease virus 4 and the enterobacfor integrins. [10] [11] [12] [13] Such peptides are easy to synthesise in terium Yersinia pseudotuberculosis. 5 The widespread biolarge amounts and can be chemically modified. One cyclogical use of this means of cell entry suggested that lic RGD-containing peptide, CRGDMFGC, 13 demonintegrin-binding ligands might be suitable for the develstrated integrin-mediated cell binding and internalisation opment of a receptor-mediated gene delivery vector.
when it was displayed over the whole surface of fd phage Studies on the interactions between invasin, the particles as a fusion with the major coat protein subunit.
14 internalising protein of Yersinia pseudotuberculosis, 6 and Subsequently, a single peptide containing both an RGD cell-surface integrins have defined the properties of intedomain and a short polylysine tail of 16 lysine residues grin-binding ligands that are important to achieve internfor binding to plasmid DNA was synthesised. 15 In prealisation as well as binding. The integrin-binding ligand liminary experiments this peptide was shown to form should be displayed over the surface of the particle, electrostatic complexes with plasmid DNA carrying a allowing multipoint attachment, and should bind to the luciferase reporter gene and transfected epithelial cells integrin receptor with a high affinity. 7, 8 Ligands with a via integrin-binding in vitro. 15 lower affinity for integrins allow only cell surface attachThis nonviral vector system has important advantages ment. 7 Internalisation is also favoured by high cell surover viral vectors including potentially reduced immunoface densities of the targeted integrin receptors themgenicity, easy formation of vector-DNA complexes and selves. 8 These properties are, therefore, likely to be the lack of any strict DNA size packaging limit. We important for the construction of an efficient gene delivreport here the further development and analysis of this ery system.
system. In particular we compare the transfection For the design and synthesis of an integrin-mediated efficiency of complexes prepared with two different RGD transfection complex, recombinant proteins that bind peptides, the importance of cyclisation of the peptides, efficiently to integrins, such as invasin, are possible tarand optimisation of charge ratios and chloroquine geting ligands. However, such recombinant proteins can concentrations for transfection efficiency. be difficult to synthesise and purify in sufficiently large amounts, they require conjugation directly to DNA or to containing peptides used in these experiments were, therefore, designed to cyclise by the formation of disulphide bridges between cysteine residues flanking the RGD domain. Oxidation of dilute peptide solutions (0.1 mg/ml) was by overnight exposure to air. A time-course analysis of the rate of cyclisation of peptide 1 was performed. The loss of free sulphydryl groups through the formation of disulphide bridges between cysteine residues was shown to be complete in less than 4 h (Figure 1) . Peptides used to make transfection complexes were fully oxidised and, therefore, cyclisation should be complete. The possibility of formation of intermolecular disulphide bonds between peptides is reduced but not eliminated by using dilute peptide solutions.
The effect of cyclisation on the cell-binding capacity of each peptide was assessed by comparing oxidised and reduced peptides in a cell binding assay. Solutions of cyclised peptides 1 and 5 as well as a K 10 control peptide were prepared and used to coat plastic wells. Peptide- treated peptide was reduced to less than half of that compared with untreated wells (Figure 2 ). Binding to the DTT-treated or untreated K 10 control peptide was no higher than the background level of binding to control Enzymes inhibited by this buffer include endosomal nucleases. This has led to chloroquine being used in comwells, coated with bovine serum albumin (BSA). The reduced cell-binding capacity of linearised peptides is bination with receptor-mediated transfection systems to enhance gene expression. However, chloroquine also has probably due to their lower integrin-binding affinity relative to cyclised peptides. The estimate of cell binding of cytotoxic side-effects which vary between different cell lines and cell types. It is important, therefore, to establish cyclised relative to linearised peptides is a minimum estimate, however, since reduced peptides may recyclise parthe concentration of chloroquine for optimal transfection. Transfections were performed with peptide 1/pGL2 tially during the 90-min cell-binding incubation period.
transfection complexes in COS-7, ECV304 and A375M cells. All three cell lines were checked by flow cytometry The influence of chloroquine concentration on transfection efficiency for the presence of ␣ v ␤ 3 and ␣ 5 integrins and all showed good expression (data not shown). The results of transfecChloroquine reduces enzymatic degradation within endosomal vesicles by preventing establishment of the tions with a range of chloroquine concentrations for COS-7 and ECV304 are given in Figure 3 . Increasing chloroacidic environment required for full enzymatic activity.
quine concentration increased the specific luciferase expression. The maximal concentration to use in practice, however, is 100 m as cytotoxic effects become apparent above this concentration. Differences in the response of the two cell lines to chloroquine are apparent in that luciferase activity in COS-7 cells can be enhanced above expression levels achieved in the absence of chloroquine while in ECV304 cells best expression levels are achieved in the absence of chloroquine. In a third cell line examined, A375M melanoma cells, luciferase expression levels were enhanced in the presence of 100 m chloroquine above levels achieved without chloroquine (data not shown).
In both ECV and COS-7 cell lines, transfected luciferase activity is much lower in the presence of low concentrations of chloroquine (10 m) than in the absence of chloroquine. Thereafter, as the concentration of chloroquine increases, luciferase activity increases. This suggests that chloroquine at low concentrations does not buffer the endosome and has a detrimental effect, possibly affecting membrane permeability or endocytic quine concentrations which buffer the endosome more effectively and protect the DNA against endosomal degradation.
Transfection complexes of peptide 1 and the pGL2 plasmid were prepared
It is also worth noting that significant levels of lucifer- tor-mediated transfection systems reported require a lysosomotrophic agent in the transfection medium, such as chloroquine or adenoviral capsids, to achieve detectactivity, presumably due to the presence of increasing amounts of free RGD peptides that compete with the able levels of reporter gene expression.
complexes for the available integrin receptors. The mixture used to form the optimal activity transfection comTransfection complexes Transfection complexes were made with peptide 1 and plexes is estimated to contain 5000 peptides per plasmid, corresponding to a positive:negative charge ratio of plasmid pGL2 in a range of weight ratios. Initial experiments were performed in which the peptide-mediated approximately 6.6:1 (Table 1) . Optimal complex ratios were the same for both cell types and similar results were retardation of plasmid DNA was visualised on ethidium bromide-stained agarose gels. Partial retardation was obtained with peptide 5, as summarised in Table 1 . It is assumed that at the optimal ratio of peptides:plasmid all, observed at a weight ratio of 0.5 g peptide per microgramme of plasmid while complete retardation or nearly all, of the components are incorporated into the transfection complexes. It is not clear at the moment, occurred at a ratio of 1 g peptide per microgramme of plasmid (data not shown). These weight mixing ratios however, how electrostatic complexes are formed with a high net positive charge. There may be forces other than correspond to positive:negative charge ratios of approximately 0.75:1 and 1.5:1, respectively. This result implies electrostatic ones involved in the interactions between the components forming the transfection complexes. that most peptides and plasmids in the mixing solutions are involved in complex or aggregate formation since a charge ratio of 1:1 would be predicted to completely Transfection efficiency of different RGD peptide vectors Highest luciferase activity in A375M cells was observed retard plasmid migration by electrophoresis. However, in transfection experiments, complexes mixed at a 1:1 with peptide 5 with chloroquine (2.1 × 10 5 RLU/mg) which was about 10-fold higher than that achieved with charge ratio are almost completely inactive and optimal levels of gene expression are achieved at weight ratios peptide 1 with chloroquine (2.3 × 10 4 RLU/mg) while transfection levels achieved with K 10 were a further 10-of approximately 4 g of peptide per microgramme of plasmid in both COS-7 cells and ECV304 cells (Figure 4) . fold lower (2 × 10 3 RLU/mg) (Figure 5a ). Peptide 5 with chloroquine was the most effective transfecting agent in Increasing the ratio to 5:1 reduced transfection luciferase taining the conserved integrin-binding domain sequence, arginine-glycine-aspartic acid, and a polylysine tail for binding plasmid DNA. The precise integrin specificity of the peptides, and their affinity of binding, can be influenced by the amino acid sequences flanking the arginineglycine-aspartic acid. Peptide 5 has been shown to have a high binding affinity for ␣ v integrins 17 and it is possible that the potential for two disulphide bonds stabilising the arginine-glycine-aspartic acid loop might be of particular value.
Transfections were performed in the presence or absence of chloroquine, a mild buffer that limits acidification of the endosomes and thus, the activity of endosomal enzymes. In A375M cells and COS-7 cells luciferase expression levels achieved in the presence of chloroquine with peptide 5-containing transfection complexes were significantly higher than were achieved with peptide 1. This may be a consequence of the high ␣ v -binding affinity reported for the RGD domain in peptide 5. 17 In ECV304 cells, peptide 5-mediated transfection levels were also about 10-fold higher than were achieved with peptide 1 although the difference between peptides 1 and 5 was less marked for this cell line when transfections were performed with chloroquine. These results could be explained by higher affinity binding between ␣ v integrins and peptide 5 than peptide 1, leading to more efficient internalisation of peptide 5-plasmid DNA complexes although a more detailed analysis of peptide/integrin and peptide/cell affinities would be required.
Transfections of A375M and COS-7 cells with RGDpolylysine peptides was improved in the presence of chloroquine by up to 100-fold. Thus, in these cell lines, 
A375M cells (a) or COS-7 cells (b) in 24-well plates with () and without
plexes to the endosomes where the DNA is degraded. binding affinities. It may be possible to design transfection complexes that target particular integrins that are prevalent on certain cell types and, thereby, confer a COS-7 cells (1.4 × 10 6 RLU/mg) followed by peptide 1 degree of specificity to integrin-mediated transfection with chloroquine (3.4 × 10 5 RLU/mg) (Figure 5b ). It is complexes. worth noting that the RGD peptide vectors were usually In summary, the experimental results reported here more than 100-fold less efficient in transfection expericonfirm that electrostatic complexes composed of polylyments with the N64 cell line, which is negative by flow sine and RGD-containing peptides are capable of transcytometry for the ␣ v ␤ 3 and ␣ 5 integrins.
fecting a range of cell types. It was shown that in this study, apart from the peptide sequence itself, it is Discussion important to maintain the cyclic structure of the peptide so that the RGD domain is in the correct conformation This paper reports the further development of a receptorfor maximal integrin-binding. The affinity and specificity mediated vector for gene therapy based on integrin-binding peptides. Two peptides have been studied, each conof binding between ligands and integrin receptors is also influenced by the amino acid sequence flanking the RGD thesised by Zinsser Analytical (Maidenhead, UK). They were more than 80% pure and the sequence of each was domain. The proposed mechanism of integrin-mediated internalisation of particles displaying high affinity inteconfirmed by mass spectrometry and HPLC analysis. The RGD domains of peptide 1, 13 and peptide 5, 17 were grin-binding ligands over their surface is one of initial attachment of the ligand to the integrin receptor followed initially identified using integrin-binding assays for phage display libraries of random peptide sequences. by a sequential attachment between other ligands and integrin receptors so that particles are internalised by a For cyclisation, peptides 1 and 5 were dissolved in OptiMEM (Life Technologies) at a concentration of 0.1 zippering-up process like phagocytosis. 7 Higher affinity ligands probably stabilise the multiple attachments mg/ml, placed in 500 ml conical flasks and left open to the air overnight at 4°C. The progression of cyclisation increasing the rate of internalisation. Higher binding affinities of transfection complexes might be favoured by by the formation of intramolecular disulphide bridges between cysteine residues was monitored by Ellman's the formation of two pairs of disulphide bridges between flanking cysteine residues, as in peptide 5. 17 assay. Essentially, 50 l of 3 mm dithionitrobenzoic acid (Ellman's reagent; Sigma, Poole, UK) is added to 1 ml of Peptides have many advantages as ligands for transfection complexes. They are easy to synthesise to a high peptide solution. The absorbance at 412 nm is measured on a spectrophotometer and the molar concentration of degree of purity; sequences can be designed on the basis of known ligands, or new peptides can be selected in ranthiols calculated from the molar extinction coefficient of 14 150/cm. Cyclised peptide solutions were sterilised dom phage display libraries against a particular cell type 18 or even organs in vivo. 19 Other functions such as through 200 nm filters (Sartorius, Gö ttingen, Germany). endosome disruption could be incorporated into peptidetargeted transfection complexes either by peptides 20 or Cell binding assays Binding of a cell suspension to non-tissue culture plastic lipids that can be conjugated directly to peptides. 21 Although the in vivo use of RGD peptides as DNA vecsurfaces coated with peptides was performed as described previously. 14 /ml in the culture medium appropriEpenetos, London, UK), N64 (a human glioblastoma cell ate for the cell type. Fifty microlitres of cell suspension line kindly donated by R Reszka, Berlin, Germany), COSwas added to peptide-coated wells in triplicate at 37°C 7 (SV-40 virus transformed monkey kidney epithelial for 90 min, and unbound cells were removed by washing. cells) and ECV304 (a spontaneously transformed, human Bound cells were quantified by staining with crystal umbilical vein endothelial cell line). All cell lines were violet as described previously.
14 adherent and were grown in Falcon 75-mm plastic tissue culture flasks (Becton Dickinson Labware, Lincoln Park, Peptide-DNA complex formation NJ, USA) at 37°C in 95% air/5% CO 2 in a water-saturated Electrostatic complexes of plasmid and peptide were preatmosphere. A375M and COS-7 cells were maintained in pared by a simple mixing procedure. Plasmid DNA was Dulbecco's modified Eagle's medium (DMEM; Life Techdiluted to a concentration of 10 g/ml in OptiMEM in a nologies, Paisley, UK), N64 cells in minimal essential 15 ml Falcon tube (Becton Dickinson Labware). Peptide medium (MEM; ICN Flow, Thame, UK), and ECV304 solution (0.1 mg/ml in OptiMEM) was added drop by cells in 199 Medium (ICN Flow). All media were supdrop to the DNA solution while vortexing. The mixture plemented with 2 mm l-glutamine and 10% foetal calf was then allowed to stand at room temperature for 30 serum.
min to complete the formation of peptide-DNA complexes. Complexes were then diluted with OptiMEM to Plasmid reporter gene a plasmid DNA concentration of 2 g/ml. The plasmids used were pGL2-control (Promega, Madison, WI, USA) containing the firefly luciferase reporter
Transfections with peptide-DNA complexes gene regulated by the SV40 promoter. Plasmid DNA was Cells from a 75-mm tissue culture flask were harvested propagated in E. coli DH5␣ and prepared from overnight by trypsinisation, pelleted by centrifugation and then bacterial cultures by alkaline lysis and column purifiresuspended in the appropriate tissue culture medium. cation with a Qiagen kit (Qiagen, Dorking, UK).
One millilitre of cell suspension containing 0.5 × 10 5 cells was added to each well of a Falcon 24-well tissue culture Monoclonal antibodies plate (Becton Dickinson Labware) and incubated overThe mouse monoclonal antibodies MCA757 to human night. After the overnight incubation, the cells were ␣ v ␤ 3 integrins and MCA 1187 to human ␣ 5 integrins approximately 80% confluent. After washing the wells (Serotec, Oxford, UK) were used for the detection of intewith PBS to remove serum, 0.5 ml of peptide-DNA comgrin expression on the cell lines used in this study.
plexes, containing 1 g of DNA, was added to each well. Chloroquine, a lysosomotropic buffer that reduces endoPeptides and cyclisation Peptide 1 (K) 16 GACRGDMFGCA, peptide 5 (K) 16 somal degradation, was added at the same time as the peptide-DNA complexes to a final concentration of 100 GACDCRGDCFCA and a lysine decamer (K 10 ) were syn-
